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Abstract	Mercury	(Hg)	assimilation	by	microbes	in	aquatic	environments	is	an	important	step	in	bioaccumulation	and	bioconcentration	in	the	food	web.	The		bioavailability	of	Hg	is	in	turn	strongly	influenced	by	dissolved	organic	matter	(DOM),	the	bioavailability	of	which	is	dependent	upon	its	molecular	structure	and	elemental	composition.	The	bacterial	bioreporter,	Escherichia	coli	HMS174	(pRB28/27),	was	used	in	an	experimental	study	to	assess	the	bioavailability	of	Hg	in	the	presence	of	3	different	DOM	samples:	Suwanee	River	NOM,	primarily	from	a	terrestrial	blackwater	source;		Upper	Mississippi	River	NOM,	mainly	a	terrestrial-derived	DOM;	and	Pony	Lake	fulvic	acids	isolated	from	an	entirely	microbial	source.	The	patterns	of	mercury	bioavailability	were	assessed	in	three	different	Hg	and	dissolved	organic	carbon	(DOC)	concentrations	and	statistically	analyzed	using	linear	regression	and	correlations	to	the	DOM	characteristics,	including	elemental	composition,	molecular	structure,	and	optical	properties	through	fluorescence	3D	excitation	emission	matrices.	Results	indicated	Hg	bioavailability	was	most	strongly	correlated	to	the	sulfur	content	of	DOM,	more	specifically,	the	Hg:S	ratios	between	90	and	50	ng	Hg	mg-1	S	(r	=	-0.94,	
p	=	0.22).		As	the	relative	sulfur	content	of	DOM	increased,	so	did	Hg	bioavailability,	which	may	be	due	to	the	strong	affinity	Hg2+	has	to	sulfides.	Under	natural	conditions	in	some	environments,	crystallized	nanoparticles	of	HgS	form,	leaving	Hg2+	no	longer	available	for	binding	to	DOM	and	nanoparticles	of	this	compound	available	to	be	taken	up	by	microbes,	thereby	increasing	Hg	bioavailability.		
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Introduction	Mercury	(Hg)	is	a	highly	toxic	element	found	in	the	environment,	which	poses	serious	health	risks,	primarily	through	the	integration	of	freshwater	fish	into	the	diets	of	both	humans	and	animals.	According	to	the	United	States	Environmental	Protection	Agency	(EPA),	in	2011,	eighty-one	percent	of	fish	consumption	advisories	in	freshwater	ecosystems	within	the	United	States,	which	included	over	1	million	river	miles,	were	issued	due	to	mercury	contamination.	Methylmercury	(MeHg)	is	the	bioaccumulative	mercury	species,	which	is	most	often	produced	biologically	when	bacteria	assimilate	and	metabolize	inorganic	mercury	(Hg2+).	The	main	source	of	Hg2+	to	aquatic	systems	is	atmospheric	deposition,	which	is	transported	from	terrestrial	systems	by	complexing	with	dissolved	organic	matter	(DOM),	due	to	the	aliphatic	and	aromatic	carboxyl	and	hydroxyl	functional	groups	of	DOM	having	a	high	affinity	for	metals	(Maranger	and	Pullin,	2003).		Hg	accumulation	is	of	most	concern	in	and	around	aquatic	areas	where	anoxic	conditions	persist	(i.e.	wetlands,	as	this	is	the	predominant	environment	where	MeHg	production	occurs).	As	previously	mentioned,	MeHg	production	commonly	begins	with	the	uptake	of	Hg2+	by	heterotrophic	bacteria.	In	aquatic	systems,	heterotrophic	bacteria	have	a	profound	effect	on	the	carbon	cycle	through	their	assimilation	of	DOM	as	well	as	their	contribution	to	secondary	production,	as	would	be	expected	due	to	being	a	critical,	base	component	to	the	aquatic	food	web	(Kawasaki	et	al.,	2013).	Dissolved	organic	carbon	(DOC)	has	been	shown	to	be	the	primary	transporter	of	Hg	to	(and	within)	streams,	as	well	as	the	primary	substrate	assimilated	by	bacteria	for	growth	and	respiration	(Benner,	2003;	Lee	et	al.,	2009;	Pollard	and	Ducklow,	2011).	As	such,	Hg-DOM	compounds	assimilated	into	bacterial	cells	have	the	potential	to	bioconcentrate	and	bioaccumulate	the	Hg	throughout	the	food	web,	beginning	with	microbial	species	in	sediment	porewaters	where	MeHg	production	mainly	occurs,	and	
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proceeding	to	the	water	column	where	Hg2+	and	MeHg	are	taken	up	by	plankton.	These	Hg-DOM	and	DOM-microorganism	interactions	have	complex	and	varied	outcomes	to	Hg	bioavailability	and	bioaccumulation,	and	therefore,	it	is	important	to	gain	a	better	understanding	of	the	conditions	that	control	Hg2+	in	order	to	help	predict	Hg	bioaccumulation	and	bioconcentration.				
Hg-DOM	Relationship	Hg	concentrations	in	freshwater	streams	are	correlated	in	varying	degrees	with	DOC	concentrations	in	surface	waters	(Bringham	et	al.,	2009).		For	instance,	bioaccumulation	of	Hg	in	fish	tissues	has	been	correlated	with	not	only	the	bioavailable	MeHg	(Chaisson-Gould	et	al.,	2014),	but	also	with	DOC	concentrations	in	surface	waters	(Driscoll	et	al,	1995).	Yet,	in	other	studies,	the	bioavailability	of	Hg2+	or	MeHg	has	was	observed	to	be	inhibited	by	DOC	concentrations,	and	therefore	negatively	correlated	to	biological	assimilation	and	accumulation	(Barkay	et	al.,	1997,	Benner,	2003,	Tsui	and	Finlay,	2011).	Furthermore,	Hg:DOC	ratios	appear	to	significantly	contribute	to	Hg-DOM	binding,	such	that	at	ratios	less	than	1	μg	Hg	mg-1	C,		Hg	binds	mainly	to	thiol	groups,	whereas	at	ratios	greater	than	10	μg	mg,	most	thiol	binding	sites	contain	Hg,	which	leaves	excess	Hg	to	bind	mainly	to	carboxyl	groups	(Haitzer	et	al.,	2003).	As	such,	our	study	explored	Hg	bioavailability	at	ratios	less	than	1	μg	Hg	mg-1	C	(between	1	and	700	ng	Hg	mg-1	C).		Several	studies	have	calculated	the	overall	stability	constants	for	Hg	binding	by	DOM	isolates	(Benoit	et	al.,	2001;	Haitzer	et	al.,	2002;	Mantoura	et	al.,	1978).	While	these	constants	can	be	used	to	predict	free	Hg	in	the	environment,	the	role	of	DOM	in	Hg	uptake	by	microbial	cells	appears	to	be	inconsistent.	DOM	has	been	shown	to	inhibit	Hg	bioavailability	(Gorski	et	al.,	2008),	but	due	to	increased	MeHg	production,	others	have	suggested	DOM	to	increase	the	bioavailability	of	HgS	nanoparticles	to	microbial	cells	
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(Graham	et	al.,	2012).	These	contradictory	results	leave	the	DOM	properties	that	effect	Hg2+	uptake	unresolved.	Furthermore,	such	studies	often	measured	MeHg	production	as	a	proxy	for	determining	Hg2+	uptake,	measured	by	purge,	trap,	and	thermal	desorption	to	either	a	cold	vapor	absorption	fluorescence	spectrometer	(CVAFS)	or	to	an	inductively	coupled	plasma	mass	spectrometer	(ICP-MS),	or	by	measuring	stable	isotope	tracers	(Graham	et	al.,	2012),	methods	which	are	time	consuming	and	costly.	In	addition,	β-HgS	or	Hg-thiols	of	DOM	have	been	shown	to	reduce	MeHg	production	(Manceau	et	al.,	2015,	Graham	et	al.,	2012).			In	order	to	predict	Hg	bioaccumulation	throughout	the	aquatic	environment,	it	is	necessary	to	understand	the	controls	on	the	assimilation	of	Hg-DOM	complexes	by	microorganisms.	While	DOM	in	aquatic	ecosystems	is	typically	thought	to	complex	with	metals	and	reduce	the	concentrations	of	free	metal	ions,	thereby	lowering	metal	bioavailability	(Graham	et	al.,	2012),	it	has	also	been	suggested	that	DOM	actually	facilitates	Hg	uptake.	By	complexing	with	Hg2+,	DOM	may	incidentally	transport	Hg2+	across	bacterial	cell	walls	via	respiration,	acting	as	a	shuttle	molecule	to	increase	Hg	lability	(Barkay	et	al.,	1997,	Chaisson-Gould	et	al.,	2014).	As	well	as	acting	as	a	complexing	agent,	DOM	also	effects	the	bioavailability	of	Hg2+	by	modifying	bacteria	cell	membranes	(Barkay	et	al.,	1997,	Chaisson-Gould	et	al.,	2014).	Because	DOM	plays	a	role	in	Hg	bioavailability,	it	is	quite	likely	that	the	complex,	heterogeneous	chemical	structure	of	DOM	is	the	driving	force	behind	the	bioavailability	of	Hg	to	microorganisms	(Cory	et	al.,	2011).		
DOM	Molecular	Structure,	Elemental	Composition,	and	Optical	Properties	DOM	characteristics,	such	as	molecular	structure,	elemental	composition,	and	optical	properties,	are	important	to	understanding	both	DOM	and	Hg	bioavailability.	DOM	is	composed	of	many	different	types	and	sizes	of	molecules,	including	large	recalcitrant	
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molecules,	and	small	chelating	labile	molecules	which	afford	microorganisms	their	use	as	carbon	and	energy	sources	(Chaisson-Gould	et	al.,	2014).	Simple,	low-molecular-weight	molecules,	such	as	carboxylic	acids	and	amino	acids,	are	more	labile	than	high-molecular-weight	dissolved	natural	organic	molecules	(Chaisson-Gould	et	al.,	2014).	However,	carboxyl	groups	are	weak	Hg-DOC	binding	sites,	whereas	thiol	groups	are	considered	to	be	strong	Hg-DOC	binding	sites	(Haitzer	et	al.,	2003).	DOM	with	a	greater	percentage	of	aliphatic	molecules	(open-chain	hydrocarbons)	than	aromatic	compounds	are	more	biologically	labile	(Benner,	2003;	Sun	et	al.	1997).	These	studies	found	that	aliphatic	components	of	DOM	were	the	primary	energy	source	for	bacteria,	and	therefore,	DOM	bioavailability	is	strongly	correlated	to	the	percent	aliphatic	carbon.	Aromaticity	of	DOM	has	been	strongly	correlated	to	total	filtered	Hg	in	freshwater	systems	(Burns	et	al.,	2013),	which		suggests	it	may	bind	strongly		to	aromatic	moieties	of	DOM,		recalcitrant	portions	of	DOM	(McKnight	et	al.,	2003),		and	thus		inhibit	Hg	bioavailability,	as	may	also	be	the	case	with	the	elemental	composition	of	DOM.	The	elemental		composition	of	DOM	plays	a	role	in	the	lability	of	Hg	(Benner,	2003;	Sun	et	al.	1997)	such	that		DOM	bioavailability	was	often	positively	correlated	to	the	H:C	and	N:C	ratios	and	negatively	correlated	to	the	O:C	ratio.	By	extension,	this	may	also	hold	true	for	Hg	bound	to	DOM	of	similar	elemental		ratios.	Sun	et	al.	(1997)	provided	the	following	model	of		the	relationship	between	DOM	bioavailability	(μg	bacterial	biomass		mg-
1	DOC),	which	was	determined	by	bacterial	growth	and	DOM	elemental	ratios:		 Bioavailability	of	DOM	=	a0	+	a1(H:C)	+	a2(O:C)	+	a3(N:C)			(r2	=	0.933)		 Where:	a0	=		 38.4	a1	=		 10.6	a2	=		 -70.9		 a3	=		 183.2		
(Eqn.	1)	
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Similar	to	the	elemental	composition	of	DOM	controlling	DOM	bioavailability,	DOM	thiol	groups	have	been	shown	to	dictate	the	Hg-DOM	binding	at	low,	environmentally	relevant	Hg:DOC	ratios,	such	as	70	and	30	ng	Hg	mg-1	DOM	(Haizer	et	al.,	2003),	and	thus,	the	sulfur	content	of	DOM	may	play	a	significant	role	in	Hg2+	bioavailability.	In	the	presence	of	sulfides,	DOM	was	shown	to	increase	the	bioavailability	of	Hg	(Sunderland	et	al,	2006).	Ndu	et	al.	(2012)	suggests	the	DOM	thiol	group,	cystein,	facilitates	Hg	uptake	by	transporting	it	across	the	cell	membrane,	but	under	sulfidic	conditions,	cystein	has	been	shown	to	have	no	effect	on	the	bioavailability	of	Hg2+	(Dyrssen	and	Wedborg,	1991).	As	well	as	the	strong	affinity	of	Hg	to	thiols,	other	sulfur	compounds	such	as	β-HgS	have	been	shown	to	bind	strongly	to	Hg	(Benoit	et	al.	1999;	Graham	et	al.,	2012;	Haitzer	et	al.,	2003).	In	anoxic	conditions,	studies	suggests	that	an	increase	of	sulfides	decreases	the	bioavailability	of	Hg2+	(Benoit	et	al.	1999;	Hammerschmidt	et	al.,	2008),	due	to	increased	sulfides	decreasing	the	concentration	of	HgS,	a	compound	which	is	readily	taken	up	by	microbes	(Hammerschmidt	et	al.,	2008).	Similarly,	but	under	anoxic	conditions,	Zhong	and	Wang	(2009)	found	that	at	lower	Hg:S	ratios,	sulfur	decreased	the	bioavailability	of	Hg.		While	reduced	sulfur	species	may	be	the	driving	force	behind	Hg	speciation	in	anoxic	environments	(Benoit	et	al.	1999;	Hammerschmidt	et	al.,	2008),	some	oxic	aquatic	environments	may	also	contain	nanomolar	levels	of	sulfides	from	which	mercury	would	likely	form	HgS	species	(Ravichandran,	2004).	However,	once	in	the	crystallized	form	of	HgS,	Hg	is	no	longer	available	for	binding	to	DOM	(Graham	et	al.,	2012),	and	leaves	nanoparticles	of	this	compound	available	to	be	taken	up	by	microbes	and	therefore	increase	Hg	bioavailability,	both	in	anoxic	and	oxic	environments	(Manceau	et	al.,	2015).	This	would	be	supported	by	Sunderland	et	al.	(2005),	who	found	that	under	hypoxic	conditions,	higher	sulfide	concentrations	increased	Hg2+	uptake,	as	was	determined	by	the	measured	increase	of	MeHg	production.		
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In	addition	to	elemental	composition,	the	molecular	structure,	and	subsequently	the	source,	may	also	impact	the	bioavailability	of	DOM.	Hammerschmidt	et	al.	(2008)	suggests	Hg	species	have	a	greater	affinity	for	allochthonous	DOM	than	for	autochthonous	DOM,	which	they	suggested	was	due	to	an	observed	decrease	in	MeHg	production	in	a	primarily	terrestrial-derived	DOM	environment	as	compared	to	a	primarily	planktonic-derived	DOM	environment.		Because	of	the	complex	nature	of	DOM,	specific	characteristics	of	DOM	that	can	be	easily	measured	in	oxic	environments	and	are	strongly	correlated	to	the	bioavailability	of	Hg2+	–	therefore	potential	proxies	for	bioavailable	Hg2+	–	have	yet	to	be	identified.	To	the	best	of	our	knowledge,	this	study	may	be	the	first	that	is	aimed	at	elucidating	such	DOM	characteristics	that	may	be	used	as	indicators	of	bioavailable	Hg2+	under	oxic	conditions	where	plankton	play	a	significant	role	in	the	bioaccumulation	and	bioconcentration	of	Hg2+	and	MeHg.	The	efforts	made	here	use	the	inorganic	mercury	species,	Hg2+,	to	narrow	the	focus	of	potential	indicators,	and	will	aid	future	efforts	using	similar	methods	in	local	freshwater	samples,	with	MeHg,	or	under	anoxic	conditions	where	MeHg	production	is	prevalent.	In	summary,	this	study	aims	to	better	develop	our	understanding	of	DOM	characteristics	that	control	the	availability	of	Hg2+	to	microbes,	and	therefore,	allow	for	more	accurate	predictions	of	Hg2+	bioaccumulation	and	bioconcentration	in	freshwater	ecosystems.	This	experimental	study	conducted	bioassays	using	a	bacterial	bioreporter	to	measure	Hg2+	uptake	among	three	DOM	standards	obtained	from	IHSS:	(1)	Suwanee	River	NOM	(SR),	primarily	from	a	terrestrial	blackwater	source;	(2)	Upper	Mississippi	River	NOM	(MR),	mainly	a	terrestrial-derived	DOM;	and	(3)	Pony	Lake	FA	(PL),	fulvic	acids	isolated	from	an	entirely	microbial,	autochthonous	source.	The	assays	used	3	different	Hg	concentrations	in	3	different	DOC	concentrations,	and	Hg	bioavailability	analyses	were	
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made	based	on	the	Hg:DOC	ratios.		Then,	the	determined	bioavailable	Hg2+	patterns	among	the	three	DOM	standards	at	each	Hg:DOC	ratio	were	compared	to	the	patterns	of	DOM	characteristics,	including:	a)	elemental	composition,	b)	the	molecular	structures	of	the	DOM	as	determined	by	13C	NMR,	as	well	as	c)	absorbance,	and	d)	fluorescence	optical	properties	determined	through	fluorescence	3D	excitation	and	emission	matrices	(EEMS).		Pearson’s	correlation	coefficients	(r)	were	determined	between	bioavailable	Hg	and	the	aforementioned	DOM	characteristics	to	elucidate	strong	correlations	in	order	to	identify	potential	DOM	characteristics	which	could	be	easily	measured	and	used	as	proxies	for	predicting	Hg2+	bioavailability.	
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Methods	
IHSS	Standards	Employing	the	bioreporters	E.	coli	HMS174	(pRB28,	inducive	strain)	and	E.	coli	HMS174	(pRB27,	constitutive),	parallel	experiments	were	conducted	with	three	different	DOM	samples	in	three	different	Hg	concentrations	to	analyze	mercury	lability.	The	DOM	samples	were	obtained	from	the	International	Humic	Substances	Society	(IHSS)	and	included:	1)	Suwanee	River	NOM	(SR),	primarily	vegetative-source	of	DOC,	from	swamps;	2)	Upper	Mississippi	River	NOM	(MR),	primarily	terrestrial-source	DOC;	and	3)	Pony	Lake	Fulvic	Acid	(PL),	entirely	microbial-source	DOC.	Suwanee	River	is	a	blackwater	river	originating	in	the	Okefenokee	Swamp,	Georgia,	which	contains	a	very	high	concentration	of	organic	matter,	the	source	of	which	is	believed	to	be	mostly	from	decomposing	vegetation	with	some	originating	from	peat	deposits.	The	Upper	Mississippi	River	sample	was	collected	near	Minneapolis,	Minnesota,	and	was	chosen	due	to	being	a	much	more	representative	sample	of	typical	streams.	Pony	Lake	Fulvic	Acid	sample	was	collected	by	IHSS	from	a	saline,	eutrophic	coastal	pond	in	Antarctica,	which	contains	entirely	autochthonous	microbial	organic	matter	(IHSS,	2016).	Hg/DOM	ratios	of	700,	300,	100,	70,	30,	10,	7,	3,	and	1	ng	Hg	mg-1	C	were	used,	as	these	are	environmentally	relevant	ratios	(Graham	et	al.,	2013).			The	DOM	samples	received	from	IHSS	were	freeze-dried	and	100	mg	of	each	were	reconstituted	in	11	ml	of	18	MΩ	deionized	water	from	a	NANOPure	Ultrapure	Water	System.	Each	sample	was	diluted	to	1/100th	concentration	of	the	stock	and	the	carbon	concentration	of	each	was	determined	using	a	Shimadzu	TOC-V	CPH	total	organic	carbon	analyzer.	Suwanee	River	NOM	was	determined	to	be	10.03	mg	mL-1,	Mississippi	River	NOM	was	9.69	mg	mL-1,	and	Pony	Lake	FA	was	7.93	mg	mL-1.	For	the	assays	using	the	highest	carbon	concentration,	0.1	ml	of	the	stock	of	each	was	pipetted	in	1.0	mL	total	volume	of	assay	medium,	for	a	final	concentrations	of	1.00,	0.97,	and	0.79	mg	C	mL-1,	respectively,	all	
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of	which	are	referred	to	as	1	mg	C	mL-1	(1000	μg	C	mL-1)	hereafter.	The	second	carbon	concentration	of	~	0.1	mg	C	mL-1	used	for	the	assays	was	achieved	by	diluting	the	stock	to		10%	concentration	(0.1	ml	stock	in	0.9	ml	reagent	water)	and	pipetting	0.1	ml	of	this	dilution	in	1.0	ml	total	volume	of	assay	medium;	this	carbon	concentration	is	referred	to	as	100	μg	C	mL-1	hereafter.	The	third	carbon	concentration	of	0.01	mg	C	mL-1	used	for	the	assays	was	achieved	by	diluting	the	stock	to	1%		concentration	(0.1	ml	stock	in	9.9	ml	reagent	water)	and	pipetting	0.1	ml	of	this	dilution	in	1.0	ml	total	volume	of	assay	medium;	this	carbon	concentration	is	referred	to	as	10	μg	C	mL-1	hereafter.	Literature	values	of	the	Hg	concentrations	of	PL	and	MR	were	obtained,	but	to	the	best	of	our	knowledge,	Hg	concentrations	of	MR	have	yet	to	be	published.	Through	isotope	dilution	GC-ICP-MS,	Jackson	et	al.	(2009)	determined	the	PL	standard	to	contain	between	1.7	and	2.8	ng	Hg	L-1,	and	SR	to	contain	between	1.7	and	2.5	ng	Hg	L-1.	These	values	are	three	orders	of	magnitude	lower	than	the	Hg	spikes	used	in	this	study	which	ranged	between	1	and	7	ug	Hg	L-1	(5	and	35	nM).	The	same	was	almost	certainly	true	of	MR,	since	global	Hg	concentrations	in	rivers	typically	range	between	1.8	and	110	pM,	and	those	highly	contaminated	range	between	50	and	400	pM	Hg	(Lambourg	et	al.,	2004).	Because	our	Hg	spikes	were	three	orders	of	magnitude	higher	than	what	was	reasonably	expected	of	the	three	DOM	standards,	not	one	of	them	would	have	had	a	measurable	effect	on	the	response	of	the	bioreporters,	and	therefore,	measuring	the	Hg	concentrations	of	SR,	MR,	or	PL	in	our	lab	was	determined	to	be	unnecessary.			
Preparing	Labware	for	Trace	Metal	Assays	All	glassware	used	throughout	the	experiments	were	initially	ashed	in	a	muffle	furnace	at	450	°C	for	four	hours,	triple-rinsed	in	deionized	water,	then	washed	in	a	10-12%	(4N)	hydrochloric	acid	(HCl)	bath.	For	acid	washing,	all	glassware	was	submerged	in	a	bath	
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of	10-12%	hydrochloric	acid	for	48	hours	in	a	polypropylene	container	with	a	latching	lid,	under	a	fume	hood	(Thermo	Scientific	Hamilton	SafeAire	II).	The	glassware	was	then	transferred	to	a	polypropylene	container	immediately	upon	removing	from	the	acid	bath	while	still	under	the	hood,	then	moved	to	a	clean	room	and	triple	rinsed	in	18	MΩ	deionized	water	from	a	NANOPure	Ultrapure	Water	System	while	under	the	Microzone	Fully	Exhausted	Polypropylene	Vertical	Laminar	Flow	Workstation	(Model	V5-PP-36-FX),	which	utilizes	an	ultra	low	penetration	air	(ULPA)	filter.	The	glassware	was	left	under	the	hood	on	its	side	to	dry	for	several	hours,	or	overnight,	then	double-bagged	in	zip-top	sample	bags	while	still	under	the	hood,	and	moved	to	a	storage	cabinet	in	the	clean	room.	All	other	labware,	such	as	centrifuge	tubes	and	syringes,	were	treated	the	same	as	glassware	except	for	being	ashed.		
Reagents	Growth	medium	stock	solutions	were	prepared	as	per	Barkay	et	al.	(1998),	with	some	modifications.	Because	earlier	assays	were	slow	to	grow	in	kanamycin,	a	1000X	carbenicillin	stock	solution	was	prepared	at	a	concentration	of	100	mg	mL-1	and	stored	at		4°	C.	All	reagent	water	was	18	MΩ	deionized	water	from	a	NANOPure	Ultrapure	Water	System	(Ultrapure),	and	autoclaved	individually,	with	the	exception	of	carbenicillin,	iron	sulfate	(FeSO4),	and	magnesium	sulfate	(MgSO4),	which	were	filtered	through	a	sterile	0.2	μm	Acrodisc	syringe	filter	with	SUPOR	membrane.	Reagents	were	stored	in	40	mL	borosilicate	glass	vials	with	screw-cap	silicone	septum	lids.		
	
Bioreporters	With	the	advancements	in	DNA	recombination	since	the	1970’s,	scientists	have	been	able	to	produce	genetically	modified	microorganisms	(i.e.	“	bioreporters”)	capable	of	
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measuring	environmental	contamination,	(Verma	and	Singh,	2005).	Selifonova	et	al.	(1993)	outlined	their	constructed	mercury	resistance	operon-luciferace	(mer-lux)	plasmid,	pRB28,	which	was	inserted	into	Escherichia	coli	HMS174.	Subsequently,	this	plasmid	has	been	used	in	several	studies	to	detect	Hg	concentrations	as	low	as	1.6	nM	and	as	high	as	12.5	uM	(Barkay	et	al.,	1998,	Chaisson-Gould	et	al.,	2014,	Golding	et	al.,	2002,	Harkins	et	al.,	2004).	A	mutated	version	of	pRB28	is	plasmid	pRB27,	which	allows	the	lux	unit	in	the	plasmid	to	be	automatically	transcribed,	and	therefore	used	as	a	constitutive	luminescent	control	to	monitor	the	health	of	the	bacterial	cells	(Barkay	et	al.,	1997).		Golding	et	al.	(2002),	was	able	to	demonstrate	that	Vibrio	anguillarium,	a	gram-negative	aquatic	bacteria,	showed	similar	patterns	of	bioavailability	as	E.	coli,	thereby	supporting	the	use	of	E.	coli	as	an	environmentally	relevant,	model	organism	to	analyze	the	DOM	relationship	to	Hg	bioavailability	in	surface	waters.		
	
Bacteria	Transformations		 E.	coli	HMS174	was	purchased	from	the	Coli	Genetic	Stock	Center	at	Yale	University,	New	Haven,	Connecticut,	and	the	DNA	for	both	plasmids	were	isolated	and	shared	by	Dr.	Alexandre	Poulain	at	the	University	of	Ottawa,	Ontario,	Canada,	allowing	for	the	transformations.	The	bacteria	was	transformed	to	incorporate	the	plasmids	pRB28	and	pRB27,	separately,	began	by	adding	250	μl	of	ice	cold	CaCl2	to	three	microcentrifuge	tubes	(MCT),	and	one	3-5	mm	colony	of	E.	coli	HMS174	was	chosen	from	a	streak	plate	and	added	to	each	tube.	Then,	10	μl	of	plasmid	DNA	was	added	(pRB28	and	pRB27	to	a	single,	separate	tube	each),	mixed	gently	by	pipetting,	incubated	on	ice	for	15	minutes,	then	heated	to		42	°C	using	a	heat	block	for		60	seconds,	before	icing	again	for	5-10	minutes.	LB	broth	supplemented	with	carbenicillin	(carb),	a	more	stable	substitute	for	ampicillin,	one	of	the	two	antibiotics	for	which	resistance	genes	are	present	in	each	of	the	plasmids,		was	then	
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added	to	two	of	the	three	MCT	tubes.	The	remaining	MCT	was	used	as	a	control,	with	E.	coli	HMS174	and	sterile	water	in	lieu	of	a	plasmid,	and	handled	the	same	as	the	plasmid	MCTs	to	this	point.	Then,	300	μl	of	each	transformation	mix	was	added	to	individual	LB-carb	plates,	and	300	μl	added	to	individual	LB-kanamycin	plates	(the	second	antibiotic	of	which	both	plasmids	hold	a	resistance	gene).	The	control	mix	was	then	plated,	300	μl	to	an	LB-carb	plate,	and	300	μl	to	an	LB-agar	plate	(no	antibiotic).	All	six	plates	were	then	incubated	at	37	°C	for	~24	hours.	The	LB-carb	plates	with	the	plasmids	both	grew	several	colonies	each,	indicating	a	successful	transformation.	However,	the	LB-kanamycin	plates	did	not	yield	any	colonies,	suggesting	both	of	the	plasmids	no	longer	held	the	kanamycin-resistant	gene.	The	controls	both	worked	as	planned,	where	the	LB-carb	plate	with	E.	coli	and	no	plasmid	did	not	yield	any	colonies,	and	the	LB-agar	plate	with	E.	coli	and	no	plasmid	grew	a	lawn	of		bacteria,	both	confirming	the	colonies	from	the	two	transformations	contain	plasmids	(pRB28	and	pRB27,	separately)	with	ampicillin-	(carbenicillin-)	resistant	genes.	Bacteria	cultures	were	then	stored	at	-80	°C	in	20%	glycerol.			
Bacteria	Growth	The	E.	coli	bioreporters	were	cultured	for	three	days	prior	to	each	assay.	On	the	first	day	of	growth,	10	mL	of	fresh	growth	medium	was	mixed	from	the	stock	solutions	in	one	test	tube	and	divided	in	half	to	a	second	test	tube.	Both	test	tubes	contained	5	mL	of	growth	medium	and	each	were	inoculated	with	1-3	colonies	(depending	on	size)	of	either	the	inducive	or	constitutive	strain	of	bacteria.	The	cultures	were	then	incubated	at	37	°C	on	a	shaker	at	160	rpm	for	24	hours.	On	the	second	day,	10	mL	of	fresh	growth	medium	was	mixed	from	the	stock	solutions	in	one	test	tube	and	divided	in	half	to	a	second	test	tube.	Both	test	tubes	contained	5	mL	of	growth	medium	and	each	were	inoculated	with	0.5	mL	of	either	the	inducive	or	constitutive	day-one	culture	that	was	grown	overnight.	The	cultures	
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were	then	incubated	at	37	°C	on	a	shaker	at	160	rpm	for	24	hours.	On	the	third	day,	20	mL	of	fresh	growth	medium	was	mixed	from	the	stock	solutions	in	a	250	mL	Erlenmeyer	flask	and	divided	in	half	to	a	second	flask.	Each	flask	was	inoculated	with	the	entire	5.5	mL	of	day-two	culture	grown	overnight.	Both	were	incubated	at	37	°C	on	a	shaker	at	160	rpm	for	3	hours.	As	with	all	stock	solutions,	the	growth	medium	was	prepared	under	the	Microzone	Fully	Exhausted	Polypropylene	Vertical	Laminar	Flow	Workstation.	
	
The	Assays	On	the	day	of	the	assay,	reagents	were	made	fresh,	microcentrifuge	tubes	were	labeled	for	the	assay	conditions,	cultures	were	removed	from	their	3-hr	incubation	and	further	processed	under	the	Microzone	Fully	Exhausted	Polypropylene	Vertical	Laminar	Flow	Workstation	in	preparation	for	measuring	luminescence.	Reagents	included	buffer	working	solution,	which	was	prepared	in	a	40	mL	borosilicate	glass	vial,	as	well	as	the	assay	medium,	which	was	comprised	of	ammonium	sulfate	(NH4SO2),	pyruvate,	and	buffer	stock	solution	as	per	Barkay	et	al.	(1998).	As	with	other	reagents,	the	buffer	working	solution	and	assay	medium	were	prepared	under	the	laminar	flow	hood.	The	mercury	(Hg)	standard	used	for	the	assay	was	1000	µg	mL-1	Hg	in	4%	HCl	+	3%	HNO3	by	High	Purity	Standards.	Dilutions	were	made	on	the	day	of	the	assay,	typically	~1	hour	prior,	to	a	working	concentration	of	10	ng	Hg	mL-1	in	a	40	mL	borosilicate	glass	vial	with	screw-cap	tops	with	silicone	septa,	using	Ultrapure	water	that	had	previously	been	sterile-filtered	through	a	0.2	μm	syringe	filter	with	SUPOR	membrane.	Prior	to	removing	the	cultures	from	their	3-hr	incubation,	1.5	mL	clear	microcentrifuge	tubes	were	setup	and	labeled	for	the	assay	and	sterile-filtered	Ultrapure	water	added	accordingly.	Each	variable	included	three	replicates.	The	two	Erlenmeyer	flasks	(one	containing	the	inducive	bioreporter,	and	the	other	
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containing	the	constitutive	strain)	were	removed	from	incubation	after	3	hours	and	processed	for	the	assays.	Cultures	were	transferred	to	a	50	mL	centrifuge	tube	and	centrifuged	for	10	minutes	at	1,425	RCF	(Dynac	II	with	4-place	50	mL	head	at	2790	rpm’s).	Supernatant	was	removed	and	the	cells	were	washed	in	the	phosphate	buffer	by	adding	10	mL	of	the	buffer	working	solution	and	resuspended	the	pellet.	This	was	repeated,	and	the	pellet	was	resuspended	in	2-3	mL	of	phosphate	buffer	working	solution.	The	optical	density	(absorbance)	at	600	nm	(OD600)	was	then	measured	by	transferring	1	mL	of	concentrated	cells	to	a	1-cm	PMMA	cuvette	and	measuring	on	the	Shimadzu	UV-1601	UV-visible	spectrophotometer.	Dilutions	were	made	using	the	phosphate	buffer	stock	to	a	concentration	of	approximately	2	x	108	cells	mL-1	(0.25	Absorbance	at	600	nm).	Then,	0.1	mL	of	the	cell	concentrate	was	added	to	the	assay	microcentrifuge	tubes	for	a	final	assay	concentration	of	~	107	cells	mL-1,	time	was	recorded,	and	one	cuvette	for	each	variable	was	measured	for	absorbance	at	600	nm	on	the	UV-visible	spectrophotometer.	The	OD600	was		re-measured	after	the	luminescence	measurements	were	complete,	in	order	to	confirm	the	cell	density.	Luminescence	(RLU)	measurements	began	15-20	minutes	after	the	cultures	were	added	to	the	assay	microcentrifuge	tubes,	and	were	continuously	measured	on	a	Promega	GloMax	Multi	Jr.,	single-tube	reader	for	80	minutes.	Measurements	were	recorded	both	manually	in	a	lab	notebook	and	automatically	to	an	Excel	spreadsheet	through	the	Spreadsheet	Interface	Software	for	the	GloMax-Multi	Jr.		
Data	Analysis		
Bioavailable	Hg,	Luminescence	by	Bioreporters	Dixon’s	Q	Test	was	used	to	identify	and	reject	several	outliers	of	raw	luminescence	values	and	the	remaining	values	were	transformed	to	a	log	scale.	The	Q	Test	calculations	
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were	performed	by	determining	the	difference	between	the	questionable	value	and	its	nearest	value,	then	dividing	by	the	range	of	observations.	When	the	ratio	exceeded	0.94	(n=3),	the	value	in	question	was	rejected	with	90%	confidence	(Dean	and	Dixon,	1951).	Luminescence	values	(excluding	outliers)	were	then	transformed	to	a	log	scale	and	the	rate	of	increased	luminescence	was	calculated	(δLog	Luminescence	δTime-1),	as	the	rate	at	which	luminescence	increases	is	correlated	to	the	concentration	of	intracellular	Hg	on	a	log	scale	(Barkay	et	al.,	1997).	The	maximum	rate	of	log	luminescence	increase	within	80	minutes	of	adding	the	cultures	to	the	assays	indicated	the	organismal	response	to	Hg	assimilation	and	hence,	bioavailable	Hg.	Repetitive	measures	prior	to	the	assays		showed	that	the	maximum	rate	of	increasing	luminescence	typically	occurred	within	60	minutes,	so	as	a	conservative	precaution,	the	measuring	time	for	this	study	was	extended	to	80	minutes.	Then,	Hg	bioavailability	was	analyzed	based	on	Hg:DOC	ratios	(ng	Hg	mg-1	C)	and	expressed	as	the	percent	(%)	of	the	maximum	luminescence	increase	(δluminescence	δtime-1)	of	the	no-DOC	control	between	0	and	80	minutes	after	the	cultures	were	introduced	to	the	assays	and	thereby	exposed	to	Hg2+.	Expressing	the	results	in	this	manner	also	accommodates	the	effect	of	light	absorbance	by	DOM.	The	data	were	analyzed	in	Microsoft	Excel	to	determine	whether	there	were	any	significant	trends,	by		fitting	a	2nd	order	polynomial	trendline	through	the	data	points	in	a	scatter	plot.	Finally,	a	one-way	ANOVA	and	post	hoc	analysis	using	Tukey	HSD	test	was	employed	to	determine	significant	differences	of	bioavailable	Hg	between	the	different	DOM	standards	in	each	Hg:DOC	ratio.	
	
Optical	Properties	of	DOM	(Absorbance	and	Fluorescence)	Absorbance	and	fluorescence	spectroscopy	were	used	to	evaluate	the	optical	properties	of	the	three	DOM	standards.	Scans	of	UV-visible	absorbance	spectra	between	200	and	800	nm	were	performed		on	a	Shimadzu	UV-VIS	1601	Spectrophotometer	in	a	1-cm	
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quartz	cuvette,	using		distilled	water		to	blank-correct	the	DOM	samples.	The	raw	scans	were	then	corrected	to	absorption	coefficients	using	an	Excel	sheet	generated	by	Bruce	Hargreaves	and	last	revised	on	November	16,	2012.	Then,	SUVA254	was	determined	following	EPA	Method	415.3,	Determination	of	Total	Organic	Carbon	and	Specific	UV	
Absorbance	at	254	nm	in	Source	Water	and	Drinking	Water.	Units	of	the	absorbance	spectra	were	reported	as	L	mg-1	C.		Pearson’s	correlation	coefficient	(r)	was	then	calculated	in	XLSTAT	version	2016.31198,	an	add-in	for	Excel	(by	Addinsoft)	to	determine	correlations	between	Hg	bioavailability	of	the	three	DOM	samples	and	aromaticity,	using	the	calculated	SUVA254.		
	Absorbance	The		absorbance	of	UV	light	at	254	nm	by		DOC	,	normalized	to	the	DOC	concentration	(SUVA254),	is	strongly	correlated	with	percent	aromaticity		(Weishaar	et	al.,	2003).	According	to	Weishaar	et	al.,	SUVA254	is	an	“average”	absorptivity	for	all	of	the	molecules	that	compose	DOC	in	a	water	sample,	and	has	been	shown	to	be	a	strong	predictor	of	dissolved	Hg	in	streams	(Burns	et	al.,	2013).	Therefore,	SUVA254	has	been	used	as	a	proxy	for	DOC	aromaticity	and	shown	to	be	inversely	correlated	to	DOM	lability	(recalcitrant),	whereas	the	ratio	of	UV	absorbance	spectral	slopes	at	275-295	nm	and	350-400	nm	(SSR)	has	been	used	as	a	proxy	for	DOM	molecular	weight	(Cory	et	al.,	2011)	and	is	inversely	correlated	to	DOC	bioavailability.		
EEMS	Fluorescence	spectroscopy	of	fulvic	acids	using		three-dimensional	excitation	emission	matrices	(EEMS)	provides	information	on	the	molecular	structure	of	DOM,	which	is	indicative	of	its	source	(Cawley	et	al.,	2013).	The	fluorescence	index	(FI)	derived	from	
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EEMS	can	be	used	to	assess	the	source	of	DOM,	including	microbial	vs.	terrestrial,	or	autochthonous	vs.	allochthonous	origins.	Peak	intensities	and	ratios	at	other	EEMS	wavelengths		have	been	used	to	estimate	recalcitrant	vs.	labile	humic	acids,	as	well	as	the	how	recently	the	DOM	has	been	degraded,	which	is	referred	to	as	the	freshness	of	humification	(McKnight	et	al.,	2001,	Osburn	and	Stedmon,	2011).	The	fluorescence	index	(FI)	is	determined	from	the	ratio	of	emission	intensity	at	470	nm	to	520	nm	from	excitation	of	370	nm	(Cory	et	al.,	2011),	with	values	between	1.3	and	1.9,	higher	values	indicate	microbially	derived	fulvic	acids,	and	lower	values	terrestrially	derived	(McKnight	et	al.,	2001).	Other	peak	excitation:emission	maximum	intensities	(nm)	used	for	determining	DOM	properties	are	included	in	Table	1.	Similar	to	fluorescence,	absorbance	properties	may	help	predict	DOM	properties.	The	DOM	source	dictates	its	composition	and	can	thus	be	used	as	an		indicator	of	Hg	bioavailability.	A	study	by	Kawasaki	et	al.	in	2013	suggested	that	bacteria-derived	carbon	is	more	resistant	to	microbial	degradation	(recalcitrant)	than	vegetative-derived	DOM	from	plant	sources,	and	others	have	found	microbial	DOM	(algal-derived)	to	be	the	main	source	of	labile	DOC	in	the	aquatic	ecosystems	(del	Giorgio	and	Davis,	2003).	Others	have	also	suggested	that	an	increase	of	allochthonous	organic	matter	decreases	the	bioavailability	of	Hg2+	(Benoit	et	al.	1999;	Hammerschmidt	et	al.,	2008).	Fluorescence	properties	have	been	used	to	determine	DOM	source	in	marine	and	inland	waters	(Cory	et	al.,	2010,	Cory	et	al.,	2011,	McKnight	et	al.,	2003,	Osburn	and	Stedmon,	2011,	Osburn	et	al.,	2012,	Stedmon	et	al.,	2003).		A	Shimadzu	PC-5301	Spectrofluorometer	was	used	to	scan	the	fluorescence	of	the	DOM	standards	in	a	1-cm	quartz	cuvette	with	excitation	increments	of	5	nm	from	240	to	450	nm,	and	emission	from	300	to	600	nm	with	a	sample	interval	of	1	nm,	and	excitation	and	emission	slit	widths	both	set	to	5	nm.	Distilled	water	was	used	to	zero	the	instrument		
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Table	1.	Maximum	intensities	of	fluorescence	peaks	commonly	described	in	the	literature	are	outlined	in	this	table,	with	the	excitation/emission	ratios	and	their	descriptions	(Coble	et	al.,	1993,	Osburn	and	Stedmon,	2011,	Osburn	et	al.,	2012,	Stedmon	et	al.,	2003).	
			before	measuring	fluorescence.	The	raw	fluorescence	spectra	were	corrected	for	the	specific	instrument,	and	MatLab	was	then	employed	to	generate	three-dimensional	EEMS	using	the	absorbance	spectra	coefficients,	the	fluorescence	spectra,	and	an	instrument-specific	correction	file.	The	fluorescence	intensity	peaks	were	calculated	from	in	Matlab	during	the	process	of	generating	the	EEMS.		
	 DOM	Molecular	Structure,	Elemental	Composition,	and	DOM	Bioavailability	The	molecular	structure	and	elemental	composition	percentages	of	each	standard	(SR,	MR,	and	PL)	were	obtained	from	IHSS,	the	DOM	bioavailability	was	calculated	based	on	the	elemental	composition	as	per	Eqn.	1,	and	the	ratios	of	Hg	to	DOM-components	were	calculated.				The	DOM	structural	and	elemental	properties	were	plotted	against	Hg	bioavailability	which	was	determined	by	the	rate	of	luminescence	increase	as	a	percentage	
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of	the	No-DOC	control,	and	Pearson’s	correlation	coefficient	(r)	was	calculated	between	bioavailable	Hg	and	DOM	bioavailability,	as	well	the	molecular	structure,	and	elemental	C	and	S	compositions	at	each	Hg/DOM	ratio	using	XLSTAT.	The	strength	of	correlations	were	determined	based	on	Evans	(1996)	and	highlighted	on	each	graph	as	follows:		Very	weak	 0.00	–	0.19	Weak	 	 0.20	–	0.39	Moderate	 0.40	–	0.59	Strong	 	 0.60	–	0.79	Very	strong	 0.80	–	1.00		Statistical	significance	between	the	three	samples	(SR,	MR,	and	PL)	was	calculated	at	α	=	0.25	due	to	the	low	number	of	samples	(n	=	3,	typ.)	for	each	Hg:DOC	ratio	using	a	one-way	analysis	of	variance	(ANOVA)	and	post-hoc	analysis	using	the	Tukey	HSD	test.		The	hypothesis	(H1)	stated	that	there	is	a	statistically	significant	difference	between	the	mean	induced	luminescence	by	E.	coli	in	SR,	MR,	and	PL,	at	each	Hg:DOC	ratio,	and	the	null	hypothesis	(H0)	was	that	there	is	no	statistically	significant	difference	between	the	mean	induced	luminescence	by	E.	coli	in	SR,	MR,	and	PL,	at	each	Hg:DOC	ratio.	 	
Results		The	means,	maximums,	and	minimums,	of	the	induced	response	of	the	bioreporters	in	the	No	DOC	Control	were	plotted	(see	Fig.	1),	as	well	as	the	response	of	the	bioreporters	in	the	three	DOM	samples	(see	Fig.	2).	Fig.	1	shows	the	response	of	the	bioreporters	in	1	ng	Hg	mL-1	was	highly	variable,	even	including	data	within	the	range	of	0	DOC.	This	was	due	to,	the	first	attempt	at	the	assay	in	1	ng	Hg	and	0.01	mg	C,	(100	ng	Hg	mg-1	C),	which	failed	to	induce	luminesce	in	any	of	the	variables	by	60	minutes,	at	which	time	the	trial	was	abandoned.	Due	to	this	inconsistent	detection	of	Hg	in	1	ng	Hg,	as	well	as	the	high	variability	of	the	response	(see	also	Fig.	2),	results	from	all	assays	in	1	ng	Hg	were	excluded	from	interpretation	and	further	discussion.	Figure	2	illustrates	a	high	percent	of	bioavailable	Hg	at	the	highest	Hg:DOC	ratios	(700	and	300	ng	Hg	mg-1	C)	where	DOC	concentrations	are	
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lowest,	decreased	bioavailable	Hg	at	the	intermediate	Hg:DOC	ratios	(70	and	30	ng	Hg	mg-1	C),	and	an	increase	in	bioavailable	Hg	at	the	lowest	ratios	and	therefore	the	highest	DOC	concentrations	(7	and	3	ng	Hg	mg-1	C)	for	MR	and	PL,	but	a	continued	decrease	in	Hg	bioavailability	in	SR.			
	
Figure	1.		The	means	of	the	induced	response	of	Escherichia	coli	HMS174	pRB28	in	the	No	DOC	controls	of	the	trials,	and	error	bars	represent	the	maximum	and	minimum	responses	by	the	bioreporters.	The	data	measured	in	1	ng	Hg	mL-1	was	observed	to	be	highly	variable	and	included	one	trial	for	which	mercury	failed	to	induce	luminescence	altogether.		
	
Figure	2.	Hg	bioavailability	expressed	as	the	mean	percent	(n=3,	typ.)	of	the	No	DOC	control	in	assays	of	different	Hg/DOM	ratios	(ng	Hg	g-1	C),	for	the	three	DOM	standards:	Suwanee	River	NOM	(SR),	Mississippi	River	NOM	(MR),	and	Pony	Lake	Fulvic	Acid	(PL).				
	 	
	 22	
	
	
Figure	3.	Similar	to	Figure	2,	except	the	x-axis	is	on	a	log	scale	and	results	exclude	data	in	1	ng	Hg	mL-1,	this	figure	shows	the	mean	values	of	Hg	bioavailability,	expressed	as	the	percent	of	the	response	of	the	No-DOC	control,	for	the	three	DOM	standards:	Suwanee	River	NOM	(SR),	Mississippi	River	NOM	(MR),	and	Pony	Lake	Fulvic	Acid	(PL).	Error	bars	represent	+/-	standard	deviations,	and	those	that	are	not	visible	are	hidden	by	the	data	marker.				 The	results	plotted	on	a	log	scale	(see	Fig.	3)	revealed	trends	in	the	percent	induced	luminescence.	For	example,	at	the	highest	Hg:DOC	ratios	(the	lowest	DOC	concentrations)	luminescence	was	just	below		100%	(at	700	ng	Hg	mg-1	C)	with	a	slight	increase	to	100%	(at	300	ng	Hg	mg-1	C).	The	values	declined	to	near	50%	at	the	median	Hg:DOC	ratios	(at	70	and	30	ng	Hg	mg-1	C),	then	declined	again	to	near	20%	at	the	lowest	Hg:DOC	ratios	(the	highest	DOC	concentrations,	7	and	3	ng	Hg	mg-1	C).	The	percent	induced	luminescence	in	both	of	the	MR	and	PL	samples	shared	similar	patterns,	such	that	at	the	highest	Hg:DOC	ratios	they	were	near	100%,	decreased	to	approximately	75%	at	the	median	Hg:DOC	ratios,	then	slightly	increased	to	near	80%	at	the	lowest	Hg:DOC	ratios.	As	shown	in	Tbl.	2,	the	means	were	significantly	different	between	all	three	DOM	samples	only	at	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C	as	determined	by	a	one-way	ANOVA	(F(2,6)	=	55.36,	p	<	0.001).		
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Table	2.	The	means	and	standard	deviations	(SD)	of	the	assay	results,	indicating	the	%	of	bioavailable	Hg	as	compared	to	the	No-DOM	control,	expressed	as	%	luminescence	min-1.	Statistical	analyses	results	of	ANOVA	and	post-hoc	Tukey	HSD	tests	are	presented	to	illustrate	significant	differences	between	the	three	standards	at	each	Hg:DOC	ratio.				
				
	
Figure	4.	Calculated	DOM	bioavailability	(as	per	Eqn.	1)	of	the	three	DOC	samples.	
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As	shown	in	Fig.	4,	SR	DOM	was	calculated	to	be	the	most	recalcitrant	(-14.19	μg	biomass	growth	mg-1	DOC),	MR	slightly	less	recalcitrant	(-10.70	μg	biomass	growth	mg-1	DOC),	and	PL	was	calculated	to	be	labile	(19.82	μg	biomass	growth	mg-1	DOC).		Fig.	5	showed	that	none	of	the	correlations	between	bioavailable	Hg	and	the	Hg:DOC-structure,	including	Hg:carbonyl,	Hg:carboxyl,	Hg:aromatic,	Hg:aliphatic,	and	Hg:acetal	groups,	were	statistically	significant.	This	was	determined	by	the	Pearson’s	correlation	coefficients	(r)	and	p-values	at	3	ng	Hg	mg-1	C,	the	only	Hg:DOC	concentration	to	include	three	significantly	different	bioavailable	Hg	(%).		As	shown	in	Fig.	6,	the	patterns	of	Hg	bioavailability	and	bioavailable	DOM	–	as	calculated	using	Eqn.	1	–	among	the	three	DOM	samples	at	3	ng	Hg	mg-1	C	were	also	compared.	The	correlation	coefficient	revealed	no	apparent	statistical	significance	between	these	variables	either	(r	=	0.18,	p	=	0.03).		Fig.	6	shows	the	overall	results	of	Hg	bioavailability	plotted	against	the	Hg:S	(a)	and	Hg:C	(b)	content	of	the	DOM	standards	with	the	calculated	line	of	best	fit	(R2).	The	Hg:C	ratio	appears	to	have	a	stronger	linear	(polynomial)	relationship	to	Hg	bioavailability	(R2	=	0.33647)	than	Hg:	S	(R2	=	0.28453),	with	the	general	trend	showing	an	increase	in	Hg	bioavailability	near	the	middle	of	the	range	of	Hg:DOC	ratios.	When	the	correlation	coefficients	(r)	were	calculated	between	Hg	bioavailability	and	Hg:S	among	the	3	DOM	standards	at	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C	(Fig.	6),	it	was	shown	to	be	negatively	correlated	and	statistically	significant	at	α	=	0.25	(r	=	-9.42,	p	=	0.217).		
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Figure	5.	Scatter	plots	of	the	assay	results	of	Hg	bioavailability	vs.	Hg:DOC-structure,	including	carbonyl,	carboxyl,	aromatic,	aliphatic,	and	acetal	groups	(a-e,	respectively).	Data	points	are	from	assays	with	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C,	and	the	x-axis	increases	the	relative	DOC	concentration	from	left	to	right.	Trendlines,	line	equations,	and	coefficients	of	determination	(R2)	were	calculated	in	Microsoft	Excel	as	2nd	order	Polynomials.					
	
Figure	6.	Bioavailable	Hg	vs.	a)	the	Hg:Bioavailable-DOM	ratio,	and	b)	Hg:S-content	of	the	three	DOM	samples	as	compared	to	the	no	DOC	control.	Data	points	are	from	the	assays	with	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C,	and	the	x-axis	is	increasing	S	content	from	left	to	right.		
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Optical	Properties	(Absorbance):	Correlation	coefficients	(r)	calculated	for	the	relationship	between	Hg	bioavailability	and	the	estimated	aromaticity	of	the	three	DOM	standards	(SUVA254),	as	well	as	the	estimated	MW	between	all	3	DOM	standards	(Tbl.	3),	determined	no	statistically	significant	correlations.	At	low	DOC	concentrations	(Hg:DOC	ratios	of	700	and	300	ng	mg-1	C),	the	correlations	of	Hg	bioavailability	to	SUVA254	,	which	is	the	estimated	aromaticity	(r	=	0.930	–	0.816,	p	=	0.239	–	0.392,	respectively)	and	MW	(r	=	-0.731	–	0.170,	p	=	0.478	–	0.891,	respectively)	were	variable	and	inconsistent	than	at	higher	DOC	concentrations,	and	were	not	determined	to	be	significantly	significant.	At	the	Hg:DOC	ratios,	from	70	to	3	ng	mg-1	C,	correlations	between	Hg	bioavailability	were	not	determined	to	be	significantly	significant	with	SUVA254	(r	=	-0.549	–	-0.230,	p	=	0.630	–	0.852,	respectively),	or	with	MW	(r	=	-0.519	–	-0.780,	p	=	0.653	–	0.431,	respectively).			
Table	3.	The	Pearson	correlation	coefficients	(r),	p-values,	and	the	coefficients	of	determination	(R2)for	the	relationship	of	Hg	bioavailability	with	aromatic	content	(IHSS,	2016),	estimated	aromaticity	as	determined	by	absorbance	(SUVA254),	and	molecular	weight	(-SSR)	at	each	Hg:DOC	ratio.		
		
	
Optical	Properties	(Fluorescence,	EEMS):	Pearson’s	r	calculated	for	Hg	bioavailability	among	the	3	DOM	standards	and	several	EEMS	peaks	(Tbl.	4)	determined	no	significant	correlations	with	any	of	the	peaks	at	either	700	or	300	ng	Hg	mg-1	C,	or	from	70	to	3	ng	Hg	mg-1	C.		
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Table	4.	The	Pearson	correlation	coefficients	for	the	relationship	of	Hg	bioavailability	with	excitation	emission	matrices	(EEMS)	peaks	of	the	three	DOM	samples.		
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Discussion	
Reliability	of	Results	This	study	aimed	to	better	understand	the	Hg-DOC	interactions	as	related	to	Hg	bioavailability,	and	as	such,	it	is	important	to	first	address	the	reliability	of	the	assay	results.	One	assay	of	the	bacterial	cultures	in	1	ng	Hg	mL-1	(5	nM	Hg)	and	0.01	mg	C	(100	ng	Hg	mg-1	C),	resulted	in	no	luminescence	in	any	of	the	DOM	treatments	or	the	0	DOM	control,	yet	all	other	trials	in	this	Hg	concentration	resulted	in	measurable	luminescence.	In	addition,	while	all	other	trials	in	1	ng	Hg	mL-1	did	result	in	measurable	luminescence,	the	results	showed	a	very	high	rate	of	increased	luminescence	by	MR	(147.4%),	an	indicator	of	high	variability	and	inconsistency.	As	such,	induced	luminescence	in	1	ng	Hg	mL-1	(5	nM	Hg)	appears	to	meet	the	EPA’s	criteria	of	the	method	detection	limit	(MDL)	by	our	bioreporter,	which	is	the	minimum	concentration	that	can	be	measured	and	reported	with	99%	confidence	that	it	exceeds	zero,	from	a	minimum	of	seven	measurements	(Zhang,	2007).	However,	it	does	not	meet	the	definition	of	practical	quantitation	limit	(PQL),	which	is	defined	by	Zhang	(2007)	to	be	the	lowest	concentration	of	analyze	that	can	be	reliably	measured	during	routine	operating	conditions.	Induced	luminescence	in	3	and	7	ng	Hg	mL-1	(15	and	35	nM	Hg,	respectively)	did	luminesce	consistently	throughout	the	experiment.	Therefore,	caution	was	exercised	in	interpreting	results,	and	all	trials	in	1	ng	Hg	mL-1	(100,	10,	and	1	ng	Hg	mg-1	C)	were	excluded	from	the	interpretations	and	discussion	of	observed	patterns	in	the	cellular	uptake	of	Hg.		
Hg	Bioavailability	as	Related	to	DOM	Bioavailability	(as	determined	by	Elemental	
Composition)	Hg	bioavailability	trends	in	MR	and	PL	were	similar	and	without	statistically	significant	differences	than	the	trend	of	Hg	bioavailability	in	SR,	such	that	Hg	bioavailability	
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decreased	in	SR	as	the	relative	DOC	concentration	increased.	Yet	in	both	MR	and	PL,	Hg	bioavailability	was	similarly	high	in	the	lowest	(700	and	300	ng	Hg	mg-1	C)	and	in	the	highest	(7	and	3	ng	Hg	mg-1	C)	relative	DOM	concentrations,	demonstrating	Hg	to	be	least	bioavailable	in	both	MR	and	PL	in	the	median	DOC	concentrations	(70	and	30	ng	Hg	mg-1	C).		It	was	expected	that	DOC	would	facilitate	Hg	uptake,	but	the	statistical	confidence	levels	(p	values)	indicated	the	lack	of	significance	between	the	moderate	to	strong	positive	correlations	between	bioavailable	Hg	and	the	calculated	bioavailable	DOC	from	70	to	3	ng	Hg	mg-1	C	ratios	(p	=	0.505	–	0.180),	and	therefore	it	was	difficult	to	suggest	that	Hg	uptake	was	facilitated	by	DOC.	However,	at	the	lowest	DOC	concentrations,	(Hg:DOC	=	700	and	300	ng	Hg	mg-1	C)	the	high	percent	of	Hg	taken	up	by	the	bioreporter	in	all	three	DOM	standards	suggests	that	there	was	a	very	high	amount	of	free	Hg	(not	bound	to	DOC)	which	was	then	taken	into	the	bacterial	cells.		When	DOC	concentrations	were	one	order	of	magnitude	higher	(Hg:DOC	=	70	and	30	ng	Hg	mg-1	C),	the	statistically	significant	decrease	in	Hg	bioavailability	in	all	three	samples	suggested	an	increased	percent	of	Hg	was	bound	to	the	DOM,	and	therefore,	without	DOC	facilitating	the	uptake	of	Hg,	it	was	less	bioavailable.	At	the	highest	DOC	concentrations	(Hg:DOC	=	7	and	3	ng	Hg	mg-1	C),	the	very	different	reactions	by	the	bioreporters	suggested	that	most	Hg	was	bound	to	recalcitrant	DOM	in	the	SR	standard,	and	the	increased	Hg	bioavailability	in	MR	and	PL	from	the	lower-DOC	concentrations	suggest	Hg	uptake	was	facilitated	by	DOM,	thereby	Hg	may	have	been	bound	to	more	labile	DOM.	However,	if	Hg	uptake	was	facilitated	by	DOC,	the	bioreporters	in	the	MR	sample	should	have	reacted	similarly	to	SR,	rather	than	to	PL	due	to	it	also	being	calculated	as	recalcitrant	(Fig.	4).	This	also	supports	the	conclusion	that	DOM	bioavailability	and	hence	facilitated	uptake,	does	not	explain	Hg	lability,	which	prompted	examination	of	other	relationships	between	bioavailable	Hg	and	DOM,	such	as	molecular	structure,	S-content,	and	optical	properties.	
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Hg	Bioavailability	as	Related	to	Molecular	Structure	
	 At	700	ng	Hg	mg-1	C,	correlations	between	bioavailable	Hg	and	the	Hg:molecular	moieties	(structural	components)	ranged	from	very	weak	to	very	strong,	and	were	often		different	from	the	correlations	at	300	ng	Hg	mg-1	C.	The	strongest,	and	most	consistent	correlations	existed	between	bioavailable	Hg	and	carboxyl,	carbonyl,	aromatic,	and	aliphatic	moieties	from	70	up	to	3	ng	Hg	mg-1	C.	Both	carboxyl	and	carbonyl	groups	can	be	either	aliphatic	or	aromatic,	and	Hg	(as	well	as	other	metals)	will	bind	to	either	(Maranger	and	Pullin,	2003);	therefore,	we	may	not	be	able	to	generalize	the	bioavailability	of	these	two	DOM	moieties	for	the	purposes	of	this	study.	But	when	discussing	the	bioavailability	of	different	molecular	structures,	it	is	known	that	aromatic	compounds	are	recalcitrant,	and	aliphatic	compounds	labile,	which	potentially	demonstrates	the	importance	of	DOM	molecular	structure	on	the	bioavailability	of	Hg	as	it	should	with	DOM	bioavailability,	and	would	then	take	precedence	over	the	calculated	DOM	bioavailability,	which	is	based	on	elemental	composition	alone.		It	should	be	noted	that	statistical	significance	was	determined	at	α	=	0.25,	a	high	cut-off	value	which	was	reasoned	to	be	used	here	due	to	the	small	sample	size	(n=3,	typ.),	but	was	also	recognized	for	a	high	risk	of	Type	I	error.	Finally,	as	DOM	bioavailability	did	not	explain	Hg	bioavailability,	the	elemental	composition	of	DOM	was	explored	further,	specifically,	the	S-content.	
	
Hg	Bioavailability	as	Related	to	S-content	Strong	Hg-thiol	bonds	were	expected	in	all	of	the	Hg:DOC	ratios	of	this	study,	as	is	predicted	when	Hg:DOC	ratios	are	less	than	1	μg	Hg	mg-1	C	(Haitzer	et	al.,	2003).	As	shown	in	Fig.	6,	the	negative	correlation	between	Hg	bioavailability	and	Hg:S	content	of	DOM	at	3	ng	Hg	mg-1	C	was	strong	(r	=	-0.942,	p	=	0.217).	At	this	Hg:C	ratio,	the	sulfide	groups	have	
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potentially	been	saturated	with	Hg2+	bonds,	and	the	remaining	sulfur	moieties	do	not	have	such	strong	affinity	for	metals.	As	the	DOM	concentration	increases,	perhaps	the	strong	affinity	of	sulfides	to	Hg2+	creates	an	environment	where	Hg2+	is	being	pulled	from	one	functional	group	to	another,	and	during	this	struggle,	Hg2+	is	somewhat	more	bioavailable.	Or,	more	likely	as	Manceau	et	al.	(2015)	has	shown,	small	concentrations	of	HgS	forms	in	oxic	environments	through	the	reaction	with	Hg-thiol	moieties	of	DOM,	a	reaction	which	may	increase	at	the	higher	DOM	concentrations,	thereby	increasing	the	bioavailability	of	Hg2+	with	the	highly	bioavailable	HgS.	Whereas	at	the	lowest	DOC	concentrations	(700	and	300	ng	Hg	mg-1	C)	,	the	high	%	of	bioavailable	Hg	is	likely	due	to	the	excess	concentration	of	Hg2+	as	compared	to	DOC,	which	could	explain	the	high	variance	and	nearly	opposite	effect	on	Hg	bioavailability	as	compared	to	the	higher	Hg:DOC	ratios.	The	increased	bioavailability	at	lower	Hg:S	ratios	does	agree	with	the	findings	of	Zhong	and	Wang	(2009),	where	in	lower	Hg:S	ratios	(higher	S	concentrations),	sulfur	decreased	the	bioavailability	of	Hg.	It	would	be	helpful	to	determine	the	thiol	content	(specifically	cystein)	of	each	of	the	DOM	standards	and	analyze	correlations	to	bioavailable	Hg2+.		Should	SR	contain	less	cystein	than	MR	and	PL,	it	may	explain	the	decreasing	bioavailable	Hg2+	as	DOM	increases.		
Optical	Properties		 At	the	lowest	DOC	concentrations	(Hg:DOC	ratios	of	700	and	300	ng	Hg	mg-1	C),	correlations	between	Hg	bioavailability	and	absorbance	properties	used	to	estimate	MW	and	aromaticity,	similar	to	all	other	independent	variables	discussed	prior,	were	highly	variable	and	inconsistent.		However,	even	at	the	higher	DOC	concentrations	(Hg:DOC	ratios	from	70	to	3	ng	Hg	mg-1	C),	no	statistically	significant	correlations	were	detected	between	Hg	bioavailability	and	MW	or	SUVA254.	Correlations	between	Hg	bioavailability	and	SUVA254	(Tbl.	5)	should	
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have	at	least	been	consistent	with	the	correlation	results	with	aromatic	composition	(Fig.	5)	as	estimated	through	13C	NMR	by	IHSS,	but	they	were	not.	SUVA254	correlation	coefficients	(r)	were	much	weaker	and	p	values	much	higher.	As	such,	using	SUVA254	would	likely	be	a	poor	tool	to	use	in	assisting	with	predictions	of	Hg	bioavailability	without	greatly	overstating	the	confidence	of	statistical	significance,	and	similarly,	the	same	may	be	true	for	the	fluorescence	properties	of	DOM.		 The	fluorescence	EEMS	were	examined	as	a	potential	quick	and	economic	tool	for	predicting	Hg	bioavailability.	The	most	common	fluorescence	excitation	emission	matrices	(EEMS)	peaks	all	showed	potentially	strong	positive	correlations	to	Hg	bioavailability,	yet	some	of	these	EEMS	apparently	suggest	different	sourced	DOM	(allochthonous	vs.	autochthonous)	and	different	MW	(high	vs.	low).		Furthermore,	the	statistical	confidence	in	any	correlations	was	lacking,	as	p	values	were	highly	variable	and	often	exceeded	our	α	value	of	0.25	(Tbl.	4).	These	results	did	not	support	the	findings	of	other	studies	that	suggest	allochthonous	DOM	increases	Hg2+	bioavailability	(Hammerschmidt	et	al.,	2008).	Therefore,	using	fluorescence	optical	properties	have	shown	not	to	be	a	useful	tool	for	predicting	Hg	bioavailability.			
Conclusion	With	the	very	small	sample	sizes	(3	DOM	samples),	the	strength	of	the	statistical	significance	was	likely	compromised,	yet	the	results	suggest	possible	strong	negative	correlations	between	Hg	bioavailability	and	Hg:S.	At	the	highest	relative	C	concentration	of	3	ng	Hg	mg-1	C,	Hg	bioavailability	was	best	be	explained	by	the	sulfur	content,	more	specifically	by	the	Hg:S	ratio.	It	is	our	recommendation	to	continue	similar	studies	with	additional	freshwater	samples	in	order	to	increase	the	statistical	power	of	correlation	analyses	between	bioavailable	Hg	and	DOM	S-content.	It	would	also	be	very	useful	to	run	
	 	
	 33	
parallel	assays	with	the	addition	of	sulfides	to	better	understand	the	effects	of	Hg-DOM-S	complexes	on	Hg	bioavailability,	as	well	as	determine	the	structures	of	the	sulfur	compounds	(i.e.	sulfides	and	thiols).			
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